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Fig. 9 Experimental setup. (a) Single platform; (b) two platforms placed on both ends of marble platform
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Table 2 Core experimental parameters

Parameter Taiji program  Experiment
Platform separation 3 X 10° km 10 m
Half angle of scan range /prad 24 700
Beam waist at receiving aperture 5 km 6.5 mm
Radius of uncertainty cone 72 km 7 mm
Beam waist radius /mm 200 0.5
Telescope radius /mm 200 -
Aperture radius /mm - 0.5
Receiving power on QPD /nW 1.5 ~1700
Receiving power on CMOS /pW ~100 ~100

Device Parameter Index
Travel range 0y, 0y, 0, /prad +700

P-915k652 Minimum incremental motion /nrad 70

Maximum load /kg 5

Resolution /pixel 640 X 512
Dark currem.electron ?umber 15%10°
expectation at 25 C o
SH640
Dark curr.ent electrorol \number 455 10°
variance at 25 °C u

Pixel size /pum 15

Working wavelength /nm 1064
Diameter of photosensitive
1.2
surface /mm
GD4542-
<
20M Quadrant gap /pm 40
3 dB bandwidth /MHz =20
Noise equivalent power density at <45%10 "

20 MHz /(W -Hz '*)

S50 I AR R S8 2 BN AR 2 B il 5 TE
T 2% PF R RS AT RE S 8L 5 P ORI R R 2 e AR
I8 ) 56k K AR T R O BE RS2 7 R AT AT R H
(. QPD 5 I 25 BiF (149 5 22 e 2y R B R 31 3l ™ 52 P
O HE WL T 3 g B D AR QP D 4R I 4% & 1 1k RE FR
Ao BE AR QPD 4 I 25 BT 14 016 122 Wig ) 38 23 5 i R0 2%
BT WA T R, O AT R AR AR
g i o

32 X
3.21 #F &

PEAT 5L 80 Z A, JE 2 58 R CMOS AL S 2% {7 B 1)
FriE N B B8 3 CMOS LT O AL B bR E
DL DWS i B2 I 5 25 3R 5% & iz 2 1 2 Z [ 55 4k &
Bbs . RATE @My BAUEGWESK
DW S W 45 1) i f LA K ARFAT 5 1] 1149 & Sy P B4 42 o 7 e
R O BfE I, 4K J5 76 A A 2 ] ook 8 vl o - 20 9 5 g
WO RS T SRS R ALK & A7 Il 19 88 A AE 0
BRI, B I B CMOS AH L L D0 A5 119 56 B 5 O o7 34 K
AR B S H AL

SRIG 18 3 78 PT12Y 7] PIMikroMove #4443 51 78 7
AT 1) b it = o I ok A A T e A O e
TE b Ao A o A5 %) 5 B 0 B dl DL e DW'S S i B8
SRR E P 6 AN [F] 5 1) (9 5 A R B8

wE 10Ca) B, X 7S = AL FS 5 I == 700 prad
SIS ) 1 W WS TS5 87 TN VAN Nty B 2
fE MATLAB i 47T — By 28t 80 7T LAAS 2 75 A #5
B IS A VA RO BE O L B 2 0] /Y fR -7 B R R
oM 0.0102 pixel/prad . & 10(a) fh il B 22K A

1906003-6



% 50% 5 19 #1/2023 £ 10 B/ Ei#

= 250 'IHM |
2 oas il MM R
250 - 2, 2451111
> aa0 11
1
) n /10"
-5245
a ¥
240+

---- conversion coefficient

-600 -400 -200 0 200 400 600
Bopien /Hrad

041 T T T
1 ol
0.2 _;}_0,5“\(H\'mH\mw-wmwu‘m\m\
-1.00
il ok vl
[~ £
s P
> 02+ =Y
-04}+ / . —real
N i ---- conversion coefficient
”/\/\ | I 1
-100 -50 0 50 100

¢pitcl\ / pl' ad

B 10 Bl R BObRE o (a) 11 B8 -7 B 20 A0 A MO 5 (b) 1) 38 -9 12 5% A0 R Kb
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Abstract

Objective The space-based gravitational wave detection mission needs to realize the construction of ultra-long distance (3 10° km)

laser link between two satellites through the laser acquisition and pointing system, and realize the capture precision of 1 purad and the

pointing jitter control of 10 nrad/+Hz at 1 mHz~1 Hz. The laser power becomes very small after being transmitted over millions of
kilometers. Ultra-long distance, ultra-low power and high precision requirements make the laser link construction process of Taiji
program a great challenge. In order to realize the networking of three satellites, the whole laser link construction process needs to
establish three bidirectional laser links in turn. Space-based gravitational wave detection proposes a scheme to gradually build a
bidirectional laser link by using three-level detectors of star tracker (STR), complementary metal oxide semiconductor (CMOS)
capture camera and quadrant photodiode (QPD), and finally realize the ultra-stable laser pointing jitter control through the high-
precision attitude information measured by the differential wavefront sensing (DWS) technology. At present, the scheme is in the
stage of theoretical demonstration. In order to test the scheme, we adopt the laboratory’s laser acquisition and pointing integrated
optical system and a card based on a ZYNQ chip, and expect to realize autonomous control of the whole laser link construction

process.

Methods We use ground optical experiment to simulate the actual laser link construction progress between two satellites under the
laboratory conditions. The whole experiment includes two optical benches which are actually realistic restoration of Taiji program
acquisition and pointing light path (Fig. 3), and they are respectively mounted on two hexapod displacement tables to simulate the
adjustment of satellite attitude. To fully simulate the whole progress of the actual laser link construction, the ground optical
experiment is divided into four stages: initialization, coarse acquisition, fine acquisition and laser pointing. According to the scheme of
laser link construction, we design the whole progress flow control, spiral scanning control, spot centroid location and closed-loop

control by Verilog, and verify every module separately. And then we use ZYNQ card to control the whole experiment.

Results and Discussions The experimental results show that the bidirectional laser link is successfully constructed in the
atmospheric environment. Finally, corresponding to the wavefront of the actual system’s telescope, the acquisition precision reaches
0.07 prad and the control accuracy of the final laser pointing control process reaches 9.7 nrad/+v/Hz in the sensitive frequency band of
the Taiji program, which can meet the task requirements. The main influencing factors of the spot centroid control effect in the fine
acquisition stage are the calibration error during the DWS calibration and the position error caused by the long-term drift of the manual
four-axis displacement table. The internal stress change of the manual four-axis displacement table results in a large difference between
the actual displacement table position and the position calibrated before the experiment in the pitch and yaw directions, which causes
the position of the spot centroid during the experiment to deviate from the zero point of the hexapod displacement table. And the main
factor affecting the control accuracy during the laser pointing stage is the background noise. By collecting the DWS data without
controlling the hexapod displacement table when the platforms are aligned, it is found that the laser pointing precision is close to the
background noise level (Fig. 13). Therefore, the background noise is the main noise source, which includes atmospheric fluctuation,

temperature shift and environmental vibration.

Conclusions This paper describes the basic composition of the control system in detail for the ground simulation experiment of
building the Taiji program inter-satellite laser link, and completes the overall design and board level implementation of the entire
acquisition and pointing integrated experimental control system. In this paper, the receiver and scanner are tested at different starting
locations, and the data in the final laser pointing control stage are analyzed. It can be found that the experiment can complete the
bidirectional laser link construction process for the platforms of receiver and scanner at different starting positions, and the control

effect of the final pointing stage meets the requirements of the Taiji program. The experiment successfully verifies the feasibility of the
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laser link construction scheme, which meets the acquisition accuracy and the pointing jitter control accuracy in front of the telescope. It
provides an experimental support for further ground simulation experiments. It also provides a basis for the realization of on-board
control system of the laser link construction of Taiji program in the next step, and plays an important role in transferring the scheme

from theoretical demonstration to engineering implementation.

Key words optical communications; space-based gravitational wave detection; bi-directional laser link construction; whole-process

autonomous control; spot centroid location
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